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ABSTRACT: Herein, we report the synthesis of protected 1,2-amino alcohols starting from carbonyl compounds (mostly 
aldehydes) and α-silyl amines. The reaction is enabled by a Cr/photoredox dual catalytic system that allows the in situ generation of 
α-amino carbanion equivalents which act as nucleophiles. The unique nature of this reaction was demonstrated through the 
aminoalkylation of ketones and an acyl silane, classes of electrophiles that were previously unreactive towards addition of alkyl–Cr 
reagents. Overall this reaction broadens the scope of Cr-mediated carbonyl alkylations and discloses an underexplored retrosynthetic 
strategy for the synthesis of 1,2-amino alcohols. 

The 1,2-amino alcohol unit is an important motif in 
various natural products, medicinally active compounds 
and privileged ligands. More than 300,000 compounds 
containing this unit are known, including >2,000 natural 
products, >80 FDA approved drugs and >100 drug 
candidates.1 The formation of these structures has 
therefore received widespread attention from the synthetic 
organic chemistry community.2 Classically, 1,2-amino 
alcohols are prepared via nucleophilic ring-opening of 
epoxides with amines.3 Epoxides are nevertheless highly 
reactive and often difficult to prepare, resulting in 
drawbacks concerning selectivity and (late-stage) 
applicability of this approach. Alternatively, a 
retrosynthetic cut of the connecting C(sp3)–C(sp3) bond can 
also be envisaged, making use of a cornerstone of organic 
synthesis, the addition of carbanion equivalents to 
carbonyls.4 This approach is still underexplored, since it 
involves α-amino carbanions that are challenging to access 
because of the destabilizing interaction between the N lone 
pair and the carbanion.5,6 The most general protocol to form 
these species relies on the transmetalation of the 
corresponding Sn compounds with Li organyls.5c This 
approach, however, has major disadvantages concerning 
the toxicity of the Sn-containing starting materials and 
byproducts, atom-economy and functional group tolerance 
due to the high reactivity of the Li organyls. 

Compared to their Li analogs, Cr organyls have distinct 
advantages as nucleophiles in carbonyl functionalization. 
Most importantly, Cr-mediated additions have an 
unparalleled functional group tolerance in both reaction 
partners.7 In line with this, these reactions are highly 
chemoselective for aldehydes and tolerate other 
electrophilic functional groups such as ketones, esters or 
nitriles. It is therefore no surprise that the addition of in 
situ formed Cr organyls to carbonyls emerged as a 
valuable tool in total syntheses8, which is now known as 
the Nozaki-Hiyama-Kishi (NHK) reaction.9 Although 
various Cr organyls can be formed using classical NHK 
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Figure 1. (a) 1,2-Amino alcohols: Retrosynthetic analysis 
and representative examples. (b) α-Amino carbanions as 
underexplored intermediates. (c) This work: Silyl 
aminoalkylation of carbonyls for the synthesis of protected 
1,2-amino alcohols.
conditions, i.e. the Ni catalyzed reductive metalation of 
organic halides with CrII species, alkyl–Cr reagents have 
remained an exception. This inspired Takai10a and recently 
Shenvi10b and Baran10c to develop elegant methods for 
accessing alkyl–Cr reagents that allowed the 
chemoselective alkylation of aldehydes with alkyl halides, 
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alkenes or activated carboxylic acids, respectively. The key 
to success was a Cr/Co dual catalytic system in Takai’s and 
Shenvi’s protocols, while Baran’s protocol makes use of 
standard NHK conditions to generate the alkyl–Cr 

compounds. Although these protocols expanded the scope 
of Cr-mediated carbonyl functionalizations significantly, the 
need for (super-)stoichiometric quantities of Cr salts is a 
drawback. Importantly, α-aminoalkyl–Cr species cannot be 
accessed using either of these protocols.11a

With this in mind, we sought to develop a catalytic 
protocol to generate α-aminoalkyl–Cr reagents11b, thereby 
establishing a simple and mild alternative to the 
nucleophilic ring-opening of epoxides to access 1,2-amino 
alcohols. Recently, our group12a and Kanai 12b independently 
developed Cr/photoredox13 dual catalytic systems that 
enabled allylations of aldehydes, similar to the NHK 
reaction. We expected that these dual catalytic systems 
would be perfectly suited for the generation of α-
aminoalkyl–Cr species. We initially chose to use α-silyl 
amines as the α-aminoalkyl–Cr precursor for our studies, 
since these do not exhibit regioselectivity issues in the 
radical generation step and are readily prepared in a single 
step.14

To test our proposal, we reacted aldehyde 1a (1.0 equiv)  
with α-silyl amine 2a (2.0 equiv) in the presence of catalytic 
amounts of the organic dye 4CzIPN and CrCl2 under visible 
light-mediated photocatalytic conditions. Pleasingly, after 
only 2 h reaction time, we obtained the silyl-protected 1,2-
amino alcohol product 3a in various polar-aprotic solvents 
(81% yield in DMA, Table 1, Entry 1, for further details, see 
the Supporting Information). Ir-based photocatalysts such 
as [Ir(ppy)2(dtbbpy)][PF6] (Ir-1) and 
[Ir(dF(CF3)ppy)2(dtbbpy)][PF6] (Ir-2) performed slightly 
better and improved the yield to 91% (Table 1, Entries 2,3). 
Bench-stable CrCl3 could also be employed as the catalyst 
instead of air-sensitive CrCl2, which greatly improves the 
practicality of our protocol (99% yield, Table 1, Entry 4). 
The reaction can also be conducted using equimolar 
quantities of the starting materials (Table 1, Entry 5), 
although we consistently observed higher yields when the 
α-silyl amine was used in excess. Control experiments 
verified that the photocatalyst, CrCl3 and light are essential 
for the reaction and no product was formed in absence of 
any one of these (Table 1, Entries 6–8). Noteworthy, this 
reaction proceeds catalytically, with perfect atom-
economy15 and without the need for additives. 
Furthermore, we investigated the sensitivity of our 1,2-
amino alcohol synthesis towards operational variations in 
reaction conditions in order to improve the reproducibility 
(Figure 2).16 The reaction is highly sensitive to moisture, but 
other parameters (light intensity, temperature, 
concentration, scale) only have a minor influence on the 
reaction yield.

Having established optimal reaction conditions, we then 
turned our attention towards the substrate scope of this 
aminoalkylation protocol (Table 2). First, we explored the 
scope regarding the amine moiety. Apart from morpholine 
(3a), other important N-heterocycles17 such as 
thiomorpholine (3b), piperidine (3c) and various 
piperazines (3d–3f) were well tolerated. In all cases the 

Table 1. Optimization of the 1,2-amino alcohol synthesis. 

photocatalyst (2 mol%)
Cr source (10 mol%)

DMA (0.20 M), rt, 2 h
blue LEDs (30 W, max = 450 nm)
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O

NTMS
O

2a (1.0–2.0 equiv)1a (0.10 mmol)

N

N
N

N

CF3

F

F

F

F
CF3
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t-Bu

t-Bu

N

N
N

N
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t-Bu
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CN
N
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N
NN

[Ir(dF(CF3)ppy)2(dtbbpy)][PF6] (Ir-2)[Ir(ppy)2(dtbbpy)][PF6] (Ir-1)4CzIPN

[PF6][PF6]

Entry Photocatalyst Cr source 1a/2a Yield

1 4CzIPN CrCl2 1.0/2.0 81%
2 Ir-1 CrCl2 1.0/2.0 86%
3 Ir-2 CrCl2 1.0/2.0 91%
4 Ir-2 CrCl3 1.0/2.0 99%
5 Ir-2 CrCl3 1.0/1.0 95%
6 – CrCl3 1.0/2.0 0%
7 Ir-2 – 1.0/2.0 0%
8a Ir-2 CrCl3 1.0/2.0 0%

Performed on 0.10 mmol scale. Yields were determined by 
GC-FID analysis using mesitylene as internal standard. aIn 
the absence of light. DMA = dimethylacetamide. Ph = phenyl. 
rt = room temperature. TMS = trimethylsilyl. t-Bu = tert-
butyl.

Low O2
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Figure 2. Sensitivity assessment of the 1,2-amino alcohol 
synthesis. c = concentration. T = temperature. I = light 
intensity.

products were obtained in good to excellent yields, although 
we observed partial decomposition of product 3c during 
isolation (54% isolated yield, 84% NMR yield). Notably, 
other amine moieties or Lewis-basic heteroarenes, both 
common motifs in natural products and drugs,17 did not 
affect the outcome of the reaction. Substituted piperidines 
(3g, 3h) as well as other ring sizes (3i) could also be 
employed without any erosion in yield. The reaction was 
also suitable for functionalization of acyclic amines (3j–3l) 
with different steric properties, including benzyl 
substituents (3l, 3m) that can be easily removed from the 
products (see the Supporting Information for details, 
product S6 and S7) and thus allow the generation of 
primary and secondary 
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Table 2. Scope of the 1,2-amino alcohol synthesis via Cr/photoredox dual catalysis.
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3i, 68%3g, 77%
50/50 dr

N
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3l (R = Me, Si = TMS), 61%
3m (R = Bn, Si = DMPS), 50%
[access to 1° and 2° amines]

robustness screen

TMSO

Me
N

O

3ad (R1 = i-Bu, R2 = i-Bu), 41%b,d
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N

O

R1
R2

3ac, 56%b,d 3aj, 81%b

S
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N

O

3ap, 59%b

TMSO
N

O

Me
Me

Me

TMSO
N

O

Ph
TMS

3ar, 65%b,d

>95/5 dr [from acyl silane]

3ak, 75%b,d

TMSO
N

O

F

F

3al, 79%b,d

TMSO
N

O

O

O
3ao, 86%b,d

TMSO
N

O

Me

3am (R = Ph), 73%b,d, >95/5 dr
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N

O

R

3an (R = t-Bu), 85%b,d, >95/5 dr >95/5 dr

TMSO
N

O

3af, 70%d,e

TMSO
N

X

n

3ag (n = 1, X = NBoc), 36%b,d

3ah (n = 3, X = O), 58%b,d

3ai (n = 5, X = O), 46%b,d

TMSO
N

O

3aq, 49%b,d

3ae (R1 = Cy, R2 = Me), 44%b,d

Standard reaction conditions: 1 (0.20 mmol, 1.0 equiv), 2 (2.0 equiv), [Ir(dF(CF3)ppy)2(dtbbpy)][PF6] (2.0 mol%), CrCl3 (10 
mol%), DMA (0.20 M), rt, 2 h. Diastereomeric ratios were determined by GC-MS analysis of the crude reaction mixture. See 
the Supporting Information for full experimental details. aNMR yield using CH2Br2 as an internal standard. b16 h reaction time. 
c5 h reaction time. d2 (3.0 equiv). e40 h reaction time. Boc = tert-butyloxycarbonyl. Bn = benzyl. Cy = cyclohexyl. DMA = 
dimethylacetamide. DMPS = dimethylphenylsilyl. i-Bu = iso-butyl. i-Pr = iso-propyl. Me = methyl. n-Bu = n-butyl. Ph = phenyl, 
rt = room temperature. TBS = tert-butyldimethylsilyl. TMS = trimethylsilyl. t-Bu = tert-butyl.
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amines as well as subsequent functionalization of the amine 
moiety. Furthermore, a complex Fluoxetine (Prozac®) 
derivative (3n) was observed to be reactive under the 
conditions, showing potential application of this 
methodology in late-stage functionalizations. One limitation 
of this method is currently the use of secondary α-
aminoalkyl–Cr reagents. For these substrates we did not 
observe any product formation, consistent with previous 
reports of Takai and Baran, in which secondary alkyl–Cr 

species did not show reactivity towards carbonyl 
addition.10a,10c 

Next, we investigated the scope of the carbonyl coupling 
partner. Primary (3o, 3p), secondary (3q, 3r) and even 
tertiary (3s) aldehydes can be employed, although the 
reaction time had to be increased for sterically hindered 
substrates (e.g. 5 h reaction time for substrate 3s). In 
classical Cr-mediated alkylations, tertiary aldehydes are 

Mechanistic Analysis

a) Solely Photoredox Catalysis

b) Radical Chain Mechanism
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Figure 3. Mechanistic studies. (a) Determination of the 
reaction quantum yield. (b) Comparison of redox potentials to 
exclude a radical-chain mechanism. (c) Proposed σ-bond 
metathesis pathway. DMF = dimethylformamide. Ph = phenyl. 
SET = single electron transfer. TMS = trimethylsilyl.

sluggish substrates, underlining the unique nature of our 
reaction.18 For aromatic aldehydes, diminished yields were 
observed compared to aliphatic substrates (3t–3v) and the 
pinacol coupling product was obtained as the major 
byproduct, presumely caused by radical-radical coupling 
after reduction by the photocatalyst.19 Pleasingly, the 
reaction also tolerated a variety of functional groups, which 
all provide a handle for subsequent functionalization. 
Protected (3d, 3w) and tertiary amines (3e, 3f), (thio-
)ethers (3a, 3b, 3m, 3x), alkenes (3y), acetals (3z, 3ab) and 
(hetero-)aryl halides (3f, 3u) can all be employed under this 
protocol. As expected for alkyl–Cr intermediates, this 
reaction is chemoselective for aldehyde functionalization.7–

9 In the presence of a ketone moiety, we exclusively 
observed functionalization at the aldehyde group and no 
difunctionalization (3aa). Interestingly, when a 
glyerinaldehyde derivative was employed in the reaction, 
the anti-product 3ab was obtained selectively, consistent 
with a Felkin-Anh-addition of the α-aminoalkyl–Cr species 
to the aldehyde.20

To our great surprise, our protocol could also be used for 
the alkylation of ketones. This is especially noteworthy, as 

it was previously shown that alkyl–CrIII species do not react 
with carbonyl electrophiles other than aldehydes, further 
distinguishing our catalytic system from classical Cr-
mediated approaches.21 Acyclic (3ac–3af) and cyclic (3ag–
3ar) ketones containing functional groups such as 
thioethers (3ah), difluoromethylene groups (3ai) or 
spirocyclic acetals (3aj) were all compatible with this 
reaction. Additionally, for unsymmetrical cyclohexanones 
we observed selective formation of one diastereomer 
(3am–3ap), independent of the position of the substituent. 
Steric hindrance did not affect the outcome of the reaction 
(3ap) and also in this case, the product was obtained as a 
single diastereomer. Astonished about the high reactivity of 
our catalytic system, we evaluated other electrophiles in 
this aminoalkylation. Acyl silanes22 were also observed to 
be reactive under the optimized conditions and yielded the 
1,2-amino alcohol 3ar in 65% yield. 3ar contains the 
synthon of a Brook rearrangement and thus enables further 
elaboration of the product. The outstanding functional 
group tolerance as well as an additive-based robustness 
screen23 (Table 2; see the Supporting Information for 
details) clearly highlight the advantages of our methodology 
and the unmatched mildness of Cr organyls for carbonyl 
functionalizations. 

Finally, insight into the mechanism was gained by 
performing various experiments (see the Supporting 
Information for details). Stern-Volmer luminescence 
quenching studies revealed that both starting materials and 
the product quench the excited state photocatalyst, but the 
quenching constant of the α-silyl amine substrate is around 
fifty times larger. These results would be consistent with a 
reductive quenching pathway of the photocatalyst by the α- 
silyl amine, similar to our previous studies and various 
other metalaphotoredox protocols.12,13 The quantum yield 
of this protocol, however, was determined to be 12.5, 
inconsistent with a solely photoredox mechanism and 
implying a chain mechanism (Figure 3a).24 Considering the 
redox potentials of the different species involved, a radical 
chain mechanism is unlikely, since the α-silyl amine 2 
((E1/2(2∙+/2) = 0.4 – 0.8 V vs SCE in MeCN)14g,25a would have 
to reduce a LnCrIII species (E1/2(CrIII/CrII) = −0.51 V vs SCE in 
DMF)25b, thermodynamically a highly unfavorable step 
(Figure 3b). The reaction should therefore primarily 
proceed according to another mechanism that is 
independent of redox-steps. One possible explanation 
involves σ-bond metathesis between a putative Cr-alkoxide 
II and either a TMS-amine adduct III or the α-silyl amine 2 
(Figure 3c).26 In the first case, the σ-bond metathesis would 
generate a Cr-amine species IV, which could regenerate the 
catalytically active α-aminoalkyl–Cr species I after loss of 
TMS+. In the second case, the σ-bond metathesis would 
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5

generate the α-aminoalkyl–Cr species I directly. These 
mechanisms proceed exclusively via LnCrIII intermediates 
and are consistent with the experimental data, but are 
speculative at this point. Further studies on the elucidation 
the mechanism of this aminoalkylation protocol are 
ongoing.

In conclusion, we have disclosed a mild and 
chemoselective silyl aminoalkylation of carbonyls for the 
synthesis of protected 1,2-amino alcohols. The reaction is 
enabled by a Cr/photoredox dual catalytic system, which 
allows the in situ generation of α-aminoalkyl-Cr reagents 
that react as carbanion equivalents. This methodology 
represents a catalytic and atom-economic alternative to 
traditional 1,2-amino alcohol preparations and enables a 
different retrosynthetic strategy, e.g. when the 
corresponding epoxides are not easily accessible. The 
reactions is chemoselective for aldehydes and can be used 
with complex structures in both coupling partners. The 
unique nature of our dual catalytic system was 
demonstrated by the functionalization of ketones and acyl 
silanes, classes of electrophiles that were previously shown 
not to react with alkyl–CrIII reagents. More broadly, 
considering the ubiquity of amines, we believe further 
developments in the generation of α-amino carbanion 
equivalents will enable alternative syntheses of important 
building blocks and thus allow unusual retrosynthetic 
strategies.

ASSOCIATED CONTENT 
Supporting Information. 

The Supporting Information is available free of charge on 
the ACS Publications website at DOI:10.1021/jacs.#######.
Experimental and computational details (PDF)

CCDC Nr. 1960050 (S8, see Supporting Information) 
contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.

AUTHOR INFORMATION

Corresponding Author
*glorius@uni-muenster.de

Author Contributions
‡These authors contributed equally.

ACKNOWLEDGMENT 

We thank the Alfried Krupp von Bohlen and Halbach 
Foundation and the Deutsche Forschungsgemeinschaft 
(Leibniz Award) for generous financial support. We thank 
Toryn Dalton, Dr. Zackaria Nairoukh, Dr. Eloisa Serrano, Felix 
Strieth-Kalthoff and Tobias Wagener for helpful discussion and 
experimental support, Dr. Klaus Bergander for the NMR 
analysis and Dr. Constantin G. Daniliuc (all WWU Münster) for 
the X-ray crystallographic analysis.

REFERENCES
(1) (a) Breuer, M.; Ditrich, K.; Habicher, T.; Hauer, B.; 

Kesseler, M.; Stürmer, R.; Zelinski, T. Industrial methods for the 

production of optically active intermediates. Angew. Chem., Int. Ed. 
2004, 43, 788–824. (b) Sehl, T.; Maugeri, Z.; Rother, D. Multi-step 
synthesis strategies towards 1,2-amino alcohols with special 
emphasis on phenylpropanolamines. J. Mol. Catal. B: Enzym. 2015, 
114, 65–71. (c) Ghislieri, D.; Turner, N. J. Biocatalytic Approaches 
to the Synthesis of Enantiomerically Pure Chiral Amines. Top. Catal. 
2014, 57, 284–300. 

(2) (a) Karjalainen, O. K.; Koskinen, A. M. P. 
Diastereoselective synthesis of vicinal amino alcohols. Org. Biomol. 
Chem. 2012, 10, 4311–4326. (b) Bergmeier, S. C. The Synthesis of 
Vicinal Amino Alcohols. Tetrahedron 2000, 56, 2561–2576. (c) 
Ager, D. J.; Prakash, I.; Schaad, D. R. 1,2-Amino Alcohols and Their 
Heterocyclic Derivatives as Chiral Auxiliaries in Asymmetric 
Synthesis. Chem. Rev. 1996, 96, 835–876.

(3) Instead of epoxides, other a2-synthons, e.g. α-halo 
carbonyls or α-halo alcohols can also be used, but these are 
similarly reactive and also require additional steps for 
preformation.

(4) For selected reviews, see: (a) Comprehensive Organic 
Synthesis, 2nd ed.; Knochel, P., Molander, G. A., Eds.; Elsevier: 
Oxford, 2014; Vols. 1 and 2. (b) Holmes, M.; Schwartz, L. A.; Krische, 
M. J. Intermolecular Metal-Catalyzed Reductive Coupling of Dienes, 
Allenes, and Enynes with Carbonyl Compounds and Imines. Chem. 
Rev. 2018, 118, 6026–6052. (c) Kim, S. W.; Zhang, W.; Krische, M. J. 
Catalytic Enantioselective Carbonyl Allylation and Propargylation 
via Alcohol-Mediated Hydrogen Transfer: Merging the Chemistry 
of Grignard and Sabatier. Acc. Chem. Res. 2017, 50, 2371–2380. (d) 
Nguyen, K. D.; Park, B. Y.; Luong, T.; Sato, H.; Garza, V. J.; Krische, M. 
J. Metal-catalyzed reductive coupling of olefin-derived 
nucleophiles: Reinventing carbonyl addition. Science 2016, 354, 
aah5133. (e) Fagnou, K.; Lautens, M. Rhodium-Catalyzed Carbon-
Carbon Bond Forming Reactions of Organometallic Compounds. 
Chem. Rev. 2003, 103, 169–196. (f) Pu, L.; Yu, H.-B. Catalytic 
Asymmetric Organozinc Additions to Carbonyl Compounds. Chem. 
Rev. 2001, 101, 757–824. (g) Jacobsen, E. N.; Pfaltz, A.; Yamamoto, 
H. Comprehensive Asymmetric Catalysis; Springer: Berlin, 
Heidelberg, 1999. For selected recent catalytic alternatives, see: 
(h) Swyka, R. A.; Zhang, W.; Richardson, J.; Ruble, J. C.; Krische, M. J. 
Rhodium-Catalyzed Aldehyde Arylation via Formate-Mediated 
Transfer Hydrogenation: Beyond Metallic Reductants in 
Grignard/Nozaki-Hiyami-Kishi-Type Addition. J. Am. Chem. Soc. 
2019, 141, 1828–1832. (i) Garcia, K. J.; Gilbert, M. M.; Weix, D. J. 
Nickel-Catalyzed Addition of Aryl Bromides to Aldehydes To Form 
Hindered Secondary Alcohols. J. Am. Chem. Soc. 2019, 141, 1823–
1827. (j) Shuler, W. G.; Swyka, R. A.; Schempp, T. T.; Spinello, B. J.; 
Krische, M. J. Vinyl Triflate-Aldehyde Reductive Coupling-Redox 
Isomerization Mediated by Formate: Rhodium-Catalyzed Ketone 
Synthesis in the Absence of Stoichiometric Metals. Chem. Eur. J. 
2019, 25, 12517–12520. Recently, the radical approaches to 
anionic chemistry received much attention. For a selected recent 
examples, see: (k) Yatham, V. R.; Shen Y.; Martin, R. Catalytic 
Intermolecular Dicarbofunctionalization of Styrenes with CO2 and 
Radical Precursors. Angew. Chem., Int. Ed. 2017, 56, 10915–10919. 
(l) Ju, T.; Fu, Q.; Ye, J.-H.; Zhang, Z.; Liao, L.-L.; Yan, S.-S.; Tian, X.-Y.; 
Luo, S.-P.; Li, J.; Yu, D.-G. Selective and Catalytic Hydrocarboxylation 
of Enamides and Imines with CO2 to Generate α,α-Disubstituted α-
Amino Acids. Angew. Chem., Int. Ed. 2018, 57, 13897–13901. (m) 
Meng, Q.-Y.; Schirmer, T. E.; Berger, A. L.; Donabauer, K.; König, B. 
Photocarboxylation of Benzylic C–H Bonds. J. Am. Chem. Soc. 2019, 
141, 11393–11397. (n) Phelan, J. P.; Lang, S. B.; Compton, J. S.; Kelly, 
C. B.; Dykstra, R.; Gutierrez, O.; Molander, G. A. Redox-Neutral 
Photocatalytic Cyclopropanation via Radical/Polar Crossover. J. 
Am. Chem. Soc. 2018, 140, 8037–8047. For a review, see: (o) Pitzer, 
L.; Schwarz, J. L.; Glorius, F. Reductive radical-polar crossover: 
traditional electrophiles in modern radical reactions. Chem. Sci. 
2019, 10, 8285–8291.

Page 5 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

(5) For selected reviews, see: (a) Seebach, D.; Enders, D. 
Umpolung of Amine Reactivity. Nucleophilic α-(Secondary Amino)-
alkylation via Metalated Nitrosamines. Angew. Chem., Int. Ed. 1975, 
14, 15–32. (b) Beak, P.; Zajdel, W. J.; Reitz, D. B. Metalation and 
electrophilic substitution of amine derivatives adjacent to 
nitrogen: α-metallo amine synthetic equivalents. Chem. Rev. 1984, 
84, 471–523. (c) Peterson, D. J. N,N-Disubstituted 
Aminomethyllithium Compounds. J. Am. Chem. Soc. 1971, 93, 
4027–4031. Alternatively, α-amino carbanions can be generated 
from the corresponding silanes mediated by fluoride. However, 
this approach is limited to protected amines or an additional arene 
is needed to stabilize the generated carbanion. For seminal 
publications, see: (d) Tsuge, O.; Tanaka, J.; Kanemasa, S. 
Nucleophilic Aminomethylation of Aldehydes with α-Amino 
Alkylsilanes. Bull. Chem. Soc. Jpn. 1985, 58, 1991–1999. (e) 
Shimizu, S.; Ogata, M. Fluoride- or Alkoxide-Induced Reaction of 1-
[Trimethylsilyl)methyl]azoles with Carbonyl Compounds. J. Org. 
Chem. 1986, 51, 3897–3900. (f) Katritzky, A. R.; Sengupta, S. Facile 
Desilylative Hydroxyalkylation and Acylation of 1-Trimethylsilyl-
2-pyridone. Tetrahedron Lett. 1987, 28, 5419–5422. (g) Cuevas, J.-
C.; Snieckus, V. α’-Silylated Tertiary Benzamides as Dual Ortho- and 
α’-Carbanion Synthons. Carbodesilylative Routes to Isoquinoline 
and Dibenzoquinolizidine Derivatives. Tetrahedron Lett. 1989, 30, 
5837–5840.

(6) A similar retrosynthetic disconnection can be achieved 
using other methods. For selected photochemical examples, see: 
(a) Yoon, U. C.; Kim, D. U.; Lee, C. W.; Choi, Y. S.; Lee, Y.-J.; Ammon, 
H. L.; Mariano, P. S. Novel and Efficient Azomethine Ylide Forming 
Photoreactions of N-(Silylmethyl)phthalimides and Related Acid 
and Alcohol Derivatives. J. Am. Chem. Soc. 1995, 117, 2698–2710. 
(b) Ma, J.; Harms, K.; Meggers, E. Enantioselective 
rhodium/ruthenium photoredox catalysis en route to chiral 1,2-
aminoalcohols. Chem. Commun. 2016, 52, 10183–10186. (c) Ding, 
W.; Lu, L.-Q.; Liu, J.; Liu, D.; Song, H.-T.; Xiao, W.-J. Visible Light 
Photocatalytic Radical–Radical Cross-Coupling Reactions of 
Amines and Carbonyls: A Route to 1,2-Amino Alcohols. J. Org. Chem. 
2016, 81, 7237–7243. (d) Wang, C.; Qin, J.; Shen, X.; Riedel, R.; 
Harms, K.; Meggers, E. Asymmetric Radical–Radical Cross-
Coupling through Visible-Light-Activated Iridium Catalysis. Angew. 
Chem., Int. Ed. 2016, 55, 685–688. (e) Ye, C.-X.; Melcamu, Y. Y.; Li, 
H.-H.; Cheng, J.-T,; Zhang, T.-T.; Ruan, Y.-P.; Zheng, X.; Lu, X.; Huang, 
P.-Q. Dual Catalysis for Enantioselective Convergent Synthesis of 
Enantiopure Vicinal Amino Alcohols. Nature Commun. 2018, 9, 
Article Nr. 410. (f) Rono, L. J.; Yayla, H. G.; Wang, D. Y.; Armstrong, 
M. F.; Knowles, R. R. Enantioselective Photoredox Catalysis Enabled 
by Proton-Coupled Electron Transfer: Development of an 
Asymmetric Azo-Pinacol Cyclization. J. Am. Chem. Soc. 2013, 135, 
17735–17738. (g) Chen, Q.; Yang, H. Photoredox-Catalyzed Direct 
Aminoalkylation of Isatins: Diastereoselective Access to 3-
Hydroxy-3-aminoalkylindolin-2-ones Analogues. Org. Chem. Front. 
2018, 5, 1608–1612. For selected examples using low-valent 
transition metals, see: (h) Roskamp, E. J.; Pedersen, S. F. The First 
Practical Niobium(III) Reagent in Organic Synthesis. A Convenient 
Route to 2-Amino Alcohols via the Coupling of Imines with 
Aldehydes or Ketones Promoted by NbCl3(DME). J. Am. Chem. Soc. 
1987, 109, 6551–6553. (i) Zhong, Y.-W.; Dong, Y.-Z.; Fang, K.; Izumi, 
K.; Xu, M.-H.; Lin, G.-Q. A Highly Efficient and Direct Approach for 
Synthesis of Enantiopure ß-Amino Alcohols by Reductive Cross-
Coupling of Chiral N-tert-Butanesulfinyl Imines with Aldehydes. J. 
Am. Chem. Soc. 2005, 127, 11956–11957. For a recent copper-
catalyzed coupling between aromatic carbonyls and imines see: (j) 
Takeda, M.; Mitsui, A.; Nagao, K.; Ohmiya, H. J. Am. Chem. Soc. 2019, 
141, 3664–3669.

(7) For selected reviews on Cr-mediated carbonyl 
functionalization, see: (a) Fürstner, A. Carbon−Carbon Bond 
Formations Involving Organochromium(III) Reagents. Chem. Rev. 
1999, 99, 991–1046. (b) Wessjohann, L. A.; Scheid, G. Recent 

Advances in Chromium(II)- and Chromium(III)-Mediated Organic 
Synthesis. Synthesis 1999, 1, 1–36. (c) Hargaden, G. C.; Guiry, P. J. 
The Development of the Asymmetric Nozaki–Hiyama–Kishi 
Reaction. Adv. Synth. Catal. 2007, 349, 2407–2424. (d) Tian, Q.; 
Zhang, G. Recent Advances in the Asymmetric Nozaki–Hiyama–
Kishi Reaction. Synthesis 2016, 48, 4038–4049. 

(8) For selected reviews on the use of the Nozaki-Hiyama-
Kishi reaction in total synthesis, see: (a) Andrushko, V.; Andrushko, 
N. Stereoselective Synthesis of Drugs and Natural Products; John 
Wiley & Sons, Inc.: Hoboken, NJ, USA, 2013. (b) Gil, A.; Albericio, F.; 
Álvarez, M. Role of the Nozaki-Hiyama-Takai-Kishi Reaction in the 
Synthesis of Natural Products. Chem. Rev. 2017, 117, 8420–8446.

(9) For selected seminal publications of the Nozaki-Hiyama-
Kishi reaction, see: (a) Okude, Y.; Hirano, S.; Hiyama, T.; Nozaki, H. 
Grignard-type carbonyl addition of allyl halides by means of 
chromous salt. A chemospecific synthesis of homoallyl alcohols. J. 
Am. Chem. Soc. 1977, 99, 3179–3181. (b) Jin, H.; Uenishi, J.; Christ, 
W. J.; Kishi, Y. Catalytic effect of nickel(II) chloride and 
palladium(II) acetate on chromium(II)-mediated coupling reaction 
of iodo olefins with aldehydes. J. Am. Chem. Soc. 1986, 108, 5644–
5646. (c) Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, K.; Utimoto, 
K.; Nozaki, H. Reactions of alkenylchromium reagents prepared 
from alkenyl trifluoromethanesulfonates (triflates) with 
chromium(II) chloride under nickel catalysis. J. Am. Chem. Soc. 
1986, 108, 6048–6050. (d) Fürstner, A.; Shi, N. 
Nozaki−Hiyama−Kishi Reactions Catalytic in Chromium. J. Am. 
Chem. Soc. 1996, 118, 12349–12357. (e) Fürstner, A.; Shi, N. A 
Multicomponent Redox System Accounts for the First 
Nozaki−Hiyama−Kishi Reactions Catalytic in Chromium. J. Am. 
Chem. Soc. 1996, 118, 2533–2534. (f) Bandini, M.; Cozzi, P. G.; 
Melchiorre, P.; Umani-Ronchi, A. The First Catalytic 
Enantioselective Nozaki-Hiyama Reaction. Angew. Chem., Int. Ed. 
1999, 38, 3357–3359.

(10) (a) Takai, K.; Nitta, K.; Fujimura, O.; Utimoto, K. 
Preparation of alkylchromium reagents by reduction of alkyl 
halides with chromium(II) chloride under cobalt catalysis. J. Org. 
Chem. 1989, 54, 4732–4734. (b) Matos, J. L. M.; Vásquez-Céspedes, 
S.; Gu, J.; Oguma, T.; Shenvi, R. A. Branch-Selective Addition of 
Unactivated Olefins into Imines and Aldehydes. J. Am. Chem. Soc. 
2018, 140, 16976–16981. (c) Ni, S.; Padial, N. M.; Kingston, C.; 
Vantourout, J. C.; Schmitt, D. C.; Edwards, J. T.; Kruszyk, M. M.; 
Merchant, R. R.; Mykhailiuk, P. K.; Sanchez, B. B.; Yang, S.; Perry, M. 
A.; Gallego, G. M.; Mousseau, J. J.; Collins, M. R.; Cherney, R. J.; Lebed, 
P. S.; Chen, J. S.; Qin, T.; Baran, P. S. A Radical Approach to Anionic 
Chemistry: Synthesis of Ketones, Alcohols, and Amines. J. Am. Chem. 
Soc. 2019, 141, 6726–6739.

(11) (a) Knochel reported on one exception if the amine is 
protected as a succinimide or phthalimide to reduce the 
destabilizing interaction of the lone pairs. This strategy, however, 
cannot be employed for unprotected tertiary amines. Knochel, P.; 
Chou, T. S.; Jubert, C.; Rajagopal, D. Preparation and reactivity of 
highly functionalized organometallics at the α position of oxygen 
or nitrogen. J. Org. Chem. 1993, 58, 588–599. (b) Steinborn 
reported on the isolation of one α-aminoalkyl–CrIII complex. The 
reactivity of this complex, however, was not studied. Becke, F.; 
Wiegeleben, P.; Rüffer, T.; Wagner, C.; Boese, R.; Bläser, D.; 
Steinborn, D. Organometallics 1998, 17, 475–478.

(12) (a) Schwarz, J. L.; Schäfers, F.; Tlahuext-Aca, A.; 
Lückemeier, L.; Glorius, F. Diastereoselective Allylation of 
Aldehydes by Dual Photoredox and Chromium Catalysis. J. Am. 
Chem. Soc. 2018, 140, 12705–12709. (b) Mitsunuma, H.; Tanabe, S.; 
Fuse, H.; Ohkubo, K.; Kanai, M. Catalytic asymmetric allylation of 
aldehydes with alkenes through allylic C(sp3)–H functionalization 
mediated by organophotoredox and chiral chromium hybrid 
catalysis. Chem. Sci. 2019, 10, 3459–3465.

(13) For selected reviews about photoredox catalysis, see: (a) 
Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible light 

Page 6 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

photoredox catalysis with transition metal complexes: applications 
in organic synthesis. Chem. Rev. 2013, 113, 5322–5363. (b) Skubi, 
K. L.; Blum, T. R.; Yoon, T. P. Dual Catalysis Strategies in 
Photochemical Synthesis. Chem. Rev. 2016, 116, 10035–10074. (c) 
Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.; MacMillan, D. 
W. C. The merger of transition metal and photocatalysis. Nat. Rev. 
Chem., 1, Article Nr 0052. (d) Milligan, J. A.; Phelan, J. P.; Badir, S. O.; 
Molander, G. A. Alkyl Carbon-Carbon Bond Formation by 
Nickel/Photoredox Cross-Coupling. Angew. Chem., Int. Ed. 2019, 
58, 6152–6163.

(14) For reviews about the redox chemistry of α-silyl amines, 
see: (a) Yoon, U. C.; Mariano, P. S. Mechanistic and synthetic aspects 
of amine-enone single electron transfer photochemistry. Acc. 
Chem. Res. 1992, 25, 233–240. (b) Pandey, G. Synthetic 
Perspectives of Photoinduced Electron Transfer Generated Amine 
Radical Cations. Synlett 1992, 7, 546–552. (c) Cho, D. W.; Yoon, U. 
C.; Mariano, P. S. Studies Leading to the Development of a Single-
Electron Transfer (SET) Photochemical Strategy for Syntheses of 
Macrocyclic Polyethers, polythioethers, and polyamides. Acc. 
Chem. Res. 2011, 44, 204–215. For reviews about α-aminoalkyl 
radicals in photoredox catalysis, see: (d) Nakajima, K.; Miyake, Y.; 
Nishibayashi, Y. Synthetic Utilization of α-Aminoalkyl Radicals and 
Related Species in Visible Light Photoredox Catalysis. Acc. Chem. 
Res. 2016, 49, 1946–1956. For recent photochemical methods 
using α-silyl amines, see: (e) Miyake, Y.; Ashida, Y.; Nakajima, K.; 
Nishibayashi, Y. Visible-light-mediated addition of α-aminoalkyl 
radicals generated from α-silylamines to α,β-unsaturated carbonyl 
compounds. Chem. Commun. 2012, 48, 6966–6968. (f) Remeur, C.; 
Kelly, C. B.; Patel, N. R.; Molander, G. A. Aminomethylation of Aryl 
Halides Using α-Silylamines Enabled by Ni/Photoredox Dual 
Catalysis. ACS Catal. 2017, 7, 6065–6069. (g) Lang, S. B.; Wiles, R. 
J.; Kelly, C. B.; Molander, G. A. Photoredox Generation of Carbon-
Centered Radicals Enables the Construction of 1,1-Difluoroalkene 
Carbonyl Mimics. Angew. Chem. 2017, 129, 15269–15273. (h) 
Shen, X.; Li, Y.; Wen, Z.; Cao, S.; Hou, X.; Gong, L. A chiral nickel 
DBFOX complex as a bifunctional catalyst for visible-light-
promoted asymmetric photoredox reactions. Chem. Sci. 2018, 9, 
4562–4568. (i) Cao, Z.-Y.; Ghosh, T.; Melchiorre, P. Enantioselective 
radical conjugate additions driven by a photoactive intramolecular 
iminium-ion-based EDA complex. Nature Commun. 2018, 9, Article 
Nr 3274. (j) Uygur, M.; Danelzik, T.; García Mancheño, O. Metal-free 
desilylative C-C bond formation by visible-light photoredox 
catalysis. Chem. Commun. 2019, 55, 2980–2983. (k) Hsieh, S.-Y.; 
Bode, J. W. Silicon Amine Reagents for the Photocatalytic Synthesis 
of Piperazines from Aldehydes and Ketones. Org. Lett. 2016, 18, 
2098–2101. For a review regarding the related α-stannyl amines, 
see: (l) Leuscher, M. U.; Geoghegan, K.; Nichols, P. L.; Bode, J. W. 
SnAP Reagents for a Cross-Coupling Approach to the One-Step 
Synthesis of Saturated N-Heterocycles. Aldrichim. Acta 2015, 48, 
43–48.

(15) (a) Trost, B. M. Atom Economy—A Challenge for Organic 
Synthesis: Homogeneous Catalysis Leads the Way. Angew. Chem., 
Int. Ed. 1995, 34, 259–281. (b) Sheldon, R. A. Atom efficiency and 
catalysis in organic synthesis. Pure Appl. Chem. 2000, 72, 1233–
1246.

(16) Pitzer, L.; Schäfers, F.; Glorius, F. Rapid Assessment of the 
Reaction-Condition-Based Sensitivity of Chemical 
Transformations. Angew. Chem., Int. Ed. 2019, 58, 8572–8576.

(17) (a) Schneider, N.; Lowe, D. M.; Sayle, R. A.; Tarselli, M. A.; 
Landrum, G. A. Big Data from Pharmaceutical Patents: A 
Computational Analysis of Medicinal Chemists' Bread and Butter. J. 
Med. Chem. 2016, 59, 4385–4402. (b) Baumann, M.; Baxendale, I. R. 
An overview of the synthetic routes to the best selling drugs 
containing 6-membered heterocycles. Beilstein J. Org. Chem. 2013, 
9, 2265–2319. (c) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis 
of the Structural Diversity, Substitution Patterns, and Frequency of 

Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals. 
J. Med. Chem. 2014, 57, 10257–10274.

(18) Tertiary aldehydes were unreactive in seminal 
publications of Takai, Shenvi and Baran, presumably due to steric 
reasons. See reference 10.

(19) Pinacol-type couplings were previously described using 
photoredox catalysis. For selected examples, see (a) Nakajima, M.; 
Fava, E.; Loescher, S.; Jiang, Z.; Rueping, M. Photoredox-Catalyzed 
Reductive Coupling of Aldehydes, Ketones, and Imines with Visible 
Light. Angew. Chem., Int. Ed. 2015, 54, 8828–8832. (b) Petronijević, 
F. R.; Nappi, M.; MacMillan, D. W. C. Direct β-functionalization of 
cyclic ketones with aryl ketones via the merger of photoredox and 
organocatalysis. J. Am. Chem. Soc. 2013, 135, 18323–18326. (c) Du, 
J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P. A Dual-Catalysis Approach 
to Enantioselective [2 + 2] Photocycloadditions Using Visible Light. 
Science 2014, 344, 392–396. (d) Lee, K. N.; Ngai, M.-Y. Recent 
developments in transition-metal photoredox-catalysed reactions 
of carbonyl derivatives. Chem. Commun. 2017, 53, 13093–13112.

(20) Mengel, A.; Reiser, O. Around and beyond Cram's Rule. 
Chem. Rev. 1999, 99, 1191–1224.

(21) (a) Kauffmann, T.; Hamsen, A.; Beirich, C. 
Alkylchromium(III) Dichlorides, Highly Selective Reagents for the 
Addition of Nucleophiles to Aldehydes. Angew. Chem., Int. Ed. 1982, 
21, 144–145. Additionally, ketones were also unreactive in the 
protocols of Takai, Shenvi and Baran. See reference 10. (b) 
Kauffmann, T.; Abel, T.; Beirich, C.; Kieper, G.; Pahde, C.; Schreer, M.; 
Toliopoulos, E.; Wiescholiek, R. Überraschende resistenz von 
carbonsäurechloriden und -anhydriden gegen 
übergangsmetallhaltige alkylierungs- und carbonylolefinierungs= 
reagenzien. Tetrahedron Lett. 1986, 27, 5355–5358. (c) 
Kauffmann, T.; Beirich, C.; Hamsen, A.; Möller, T.; Philipp, C.; 
Wingbermühle, D. Alkylchrom- und Alkylmangan-Reagenzien, IV. 
Über die Aldehyd- und cheleselektive Alkylierung organischer 
Carbonylverbindungen mit Monoalkylchrom(III)-Reagenzien. 
Chem. Ber. 1992, 125, 157–162.

(22) Zhang, H.-J.; Priebbenow, D. L.; Bolm, C. Acylsilanes: 
valuable organosilicon reagents in organic synthesis. Chem. Soc. 
Rev. 2013, 42, 8540 – 8571.

(23) Gensch, T.; Teders, M.; Glorius, F. Approach to Comparing 
the Functional Group Tolerance of Reactions. J. Org. Chem. 2017, 
82, 9154–9159.

(24) Cismesia, M. A.; Yoon, T. P. Characterizing Chain 
Processes in Visible Light Photoredox Catalysis. Chem. Sci. 2015, 6, 
5426–5434.

(25) (a) Yoshida, J.; Maekawa, T.; Murata, T.; Matsunaga, S.; 
Isoe, S. Electrochemical oxidation of organosilicon compounds. 
Part 7. The origin of β-silicon effect in electron-transfer reactions 
of silicon-substituted heteroatom compounds. Electrochemical 
and theoretical studies. J. Am. Chem. Soc. 1990, 112, 1962–1970. (b) 
Izutsu, K. Electrochemistry in Nonaqueous Solutions, 2nd, Revised 
and Enlarged Edition; Wiley-VCH: Weinheim, 2009.

(26) σ-Bond metathesis between Cr-alkoxides and silanes 
was previously suggested in Cr-catalyzed NHK reactions. The 
driving force of this step is the pronounced oxophilicity of the 
silane. See references 9d and 9e.

 unprecedented Cr-reagents
 α-amino carbanion equivalent
 catalytic generation
 unique reactivity

N
R4

R3

NLnCr
R4

R3

R1 R2/H

O
NTMS

R4

R3

PC Cr
TMSO

N
R4

R3

R1

R2/H

+

carbonyl α-silyl amine 1,2-amino alcohol

via

Page 7 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


